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Description

[0001] This invention relates to direction finding, and more particularly to direction finding using radio techniques.
[0002] Direction finding by radio is known. In a direction finding system having a number of separate antennas, radio
wavefronts reach the antennas with different delays. Assuming the wavefronts have narrow bandwidth, these delays
give rise solely to relative phase shifts. For determining the directions or bearings of M-1 radio frequency (RF) emitters
(M is a positive integer), a typical direction finding system employs M antennas, a respective receiver for each antenna,
and processing circuitry for each receiver. The processing circuitry implements a discrete Fourier transform to divide its
respective signal into frequency bins or channels. Signals are then combined in pairs, and for each channel a respective
covariance matrix is constructed from which emitter bearings are estimated. This approach suffers from the problem of
requiring as many receivers as there are antennas, receivers being expensive and bulky. It is unsuitable for example
for man-portable equipment or for mounting in small aircraft.

[0003] To getround the multiple receiver problem, it has been proposed to use a single port receiver, spatial spectrum
estimation technology, and a weight perturbation algorithm to obtain the covariance matrix. See Zhao Yimin, "A Single
Port Receiver Spatial Spectrum Estimate DF System", 0-7803-3216-4/96 IEEE 1996. This is however a relatively complex
approach to the problem.

[0004] It has also been proposed to combine RF antenna signals in beamformers and use a single receiver connected
to successive beamformers via a multipole switch, one pole per beamformer. See C M S See, "High Resolution DF with
a Single Channel Receiver", 0-7803-7011-2/01 IEEE 2001. A single spatial covariance matrix is formed, and the bearings
or directions of up to M-1 emitters can be estimated, where M is the number of antennas. This requires M2 beamformers,
another source of expense and bulk.

[0005] Another solution is adopted in the Rohde & Shwartz DDF 195 instrument, which combines pairs of RF antenna
signals with each of four relative phase shifts inserted between them in succession by means of switches This requires
only a single receiver, and uses one antenna as a reference antenna, combining its output with that of other antennas
in turn with multiple switched phase shifts. However, the method is for estimating the bearing of a single emitter only. A
patents search has indicated that the following patent documents EP455102, DE4014407, DE3636630, DE19529271
and DE2723746 are related to direction finding.

[0006] US patent application no. US 2002/0190902 A1 describes sampling RF signals from M antennas at a sampling
rate equal to or greater than the signal bandwidth multiplied by 2M. This is followed by Fourier transformation of resulting
signal samples to provide spectra. Direction finding is then based on line configuration in the spectra and associated
phase and amplitude data. It employs a multiplicity of directional antennas to provide beamforming.

[0007] US patentno. 4,486,757 to Ghose etal. discloses a direction finder having two separated antennas for reception
of respective signals from a remote source, phase shifting one signal by 90 degrees relative to the other and nulling one
signal using an error correction loop. The operation of the loop is monitored and used to calculate a bearing for the
remote source. It does not appear to use receivers.

[0008] Direction finders of various kinds are also disclosed in US patent no. 4,489,327 to Eastwell, British patent no.
1,576,616 and US patent application no. 2002/0008656 to Landt.

[0009] Itis an object of the present invention to provide an alternative form of direction finding.

[0010] The present invention provides a direction finding system incorporating a plurality of antennas and means for
determining individual antenna signal strengths, characterised in that the system also includes:

a) combining means for deriving combined antenna signal strengths by forming two sets of combinations of first
and second antenna signals derived from different antennas, the second antenna signals in one set of combinations
having a non-zero phase difference relative to the second antenna signals in the other set of combinations; and

b) means for determining at least one emitter bearing from the individual and combined antenna signal strengths.

[0011] The invention provides the advantage of requiring only a single receiver when successive signal strengths are
determined in successive steps, which reduces cost and bulk and still provides a viable direction finding technique.
[0012] The means for determining emitter bearing may be arranged to derive covariance matrix elements from antenna
signal strengths and to determine emitter bearing therefrom. It may alternatively be arranged to derive a relationship
between antenna signal strengths and emitter bearing and to determine emitter bearing therefrom.

[0013] The relative phase difference may be in the range 30 to 120 degrees, preferably substantially 90 degrees.
[0014] The combining means may be arranged to combine antenna signals with equal gain magnitude and with equal
and unequal phase. It may incorporate phase shifting means switchable into and out of an antenna signal path, and an
adder having two inputs both switchably connected to individual signal paths extending to respective antennas.
[0015] The means for determining individual antenna signal strengths may comprise a first multipole switch having
input poles connected to receive signals from respective antennas; the combining means may incorporate a second
multipole switch having input poles connected to receive signals from respective antennas and a third multipole switch
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for switching phase shifting means into and out of an antenna signal path extending via the second multipole switch;
and the combining means may also incorporate adding means for combining signals, the adding means being arranged
to add an antenna signal in a first signal path extending via the first multipole switch to another antenna signal in a
second signal path extending via the second and third multipole switches.

[0016] In another aspect, the present invention provides a method of direction finding using a plurality of antennas
and determining individual antenna signal strengths, characterised in that the method also incorporates determining:

a) combined antenna signal strengths by forming two sets of combinations of first and second antenna signals
derived from different antennas, the second antenna signals in one set of combinations having a non-zero phase
difference relative to the second antenna signals in the other set of combinations; and

b) at least one emitter bearing from the individual and combined antenna signal strengths.

[0017] Emitter bearing may be determined by deriving covariance matrix elements from antenna signal strengths and
determining emitter bearing therefrom. It may alternatively be determined by deriving a relationship between antenna
signal strengths and emitter bearing and determining emitter bearing therefrom.

[0018] The relative phase difference may be in the range 30 to 120 degrees, preferably substantially 90 degrees, and
successive signal strengths may be determined in successive steps.

[0019] The step of forming combined antenna signal strengths combines antenna signals with equal gain magnitude
and with equal and unequal phase. It may include switching phase shifting means into and out of an antenna signal
path, and adding signals in signal paths extending switchably to different antennas.

[0020] The step of determining individual antenna signal strengths may comprise switching signals from antennas via
a first path. The step of forming combined antenna signal strengths may incorporate:

a) switching signals from antennas via a first path for combining;

b) switching signals from antennas via a switch selectable second path or a third path for combining, the third path
being arranged to phase shift antenna signals therein relative to antenna signals in the second path; and

c) adding a first path antenna signal to second and third path antenna signals individually.

[0021] In order that the invention might be more fully understood, embodiments of the invention will now be described,
by way of example only, with reference to the accompanying drawings, in which:

Figure 1  is a schematic block diagram of a direction finding system of the invention;
Figure 2 s a graph illustrating direction finding results obtained using the invention;

Figure 3  is a graph illustrating direction finding results obtained using a single receiver prior art system comparable
with the invention; and

Figure 4 is a graph illustrating direction finding results obtained using a multiple receiver prior art system;

[0022] Referring to Figure 1, a direction finding system of the invention is indicated generally by 10. As illustrated for
the purposes of this example, the system 10 incorporates four antennas 12 each of which is conventional, i.e. omnidi-
rectional. In general, as many antennas may be used as are required to detect a desired number of emitters, i.e. M
antennas for M-1 emitters. Signals pass from the antennas 12 via respective buffer amplifiers 14 to first and second
multipole switches SW1 and SW2, the amplifiers 12 being connected to respective input poles b, ¢, d and e of both
switches. The multipole switches SW1 and SW2 have respective movable contacts C1, C2 which allow any of the
associated input poles b to d in each case to be connected to respective output poles f.

[0023] The output pole f of the first switch SW1 is connected to a first phase shifter P1 introducing a phase shift of ¢4,
and the output pole f of the second switch SW2 is connected to second and third phase shifters P2 and P3 introducing
phase shifts of ¢, and ¢5 respectively. In the present example, where an ideal situation is envisaged, all three phase
shifters P1 to P3 have a gain of unity: the first and second phase shifts ¢, and ¢, are zero (and the associated phase
shifters P1 and P2 could be removed and replaced by connections), and the third phase shift ¢5 is 90 degrees. However,
non-ideal gains/phases can be accommodated by calibration (as will be described later). Satisfactory performance has
been demonstrated with errors up to plus or minus 60 degrees: in other words the phase difference ¢5 introduced by
the third phase shifter P3 may be anything in the range =30 to =120 degrees, with simultaneous gain discrepancy of
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up to 3 dB compared to unity. Larger discrepancies result in progressive deterioration of performance. This implies the
third phase shifter P3 providing for ¢5 to be preferably in the range 30 to 120 degrees different to ¢, but ¢4 is unrestricted.
It is also acceptable for phase shift and gain to vary with frequency, provided the phase shift is reasonably close to 90
degrees and phase shifter gains are reasonably close to 1.0, and that these parameters are stable and predetermined
functions of frequency.

[0024] An output signal from the first phase shifter P1 passes to a first input 16a of an adder 18. Output signals from
the second and third phase shifters P2 and P3 pass to first and second input poles p and q respectively of a third multipole
switch SW3, which has a third input pole r connected to ground. The third switch SW3 has a movable contact C3 which
allows any of the associated input poles p, g and r to be connected to an output pole z, which in turn is connected to a
second input 16b of the adder 18.

[0025] Figure 1 is a somewhat idealised drawing in which all components are assumed to be perfect and (where
appropriate) matched. In practice, in a non-ideal situation, components may need to be trimmed or impedance matched
to counteract unwanted effects by inserting additional circuitry. This is well known in the art of electronics and will not
be described.

[0026] The adder 18 has an output 20 connected to a series-connected chain of elements consisting of a receiver 22,
an analogue to digital converter (ADC) 24, a discrete Fourier transformer 26 and a digital signal processor (DSP) 28.
The digital elements 24 to 28 may be replaced by equivalent analogue processing if desired. The transformer 26 provides
a discrete Fourier transform (DFT) of length N points with windowing. This is a well-known calculation and will not be
described: see e.g. AV Oppenheim and R W Schafer with J.R. Buck, "Discrete Time Signal Processing", Prentice Hall,
Englewood Cliffs, NJ. USA, 1999. The DFT is advantageously computed by fast Fourier transform (FFT), but this is not
essential. The choice N=1 corresponds to the trivial case equivalent to no discrete Fourier transform present.

[0027] The direction finding system 10 operates as follows. By appropriate choice of the positions of the movable
switch contacts C1 to C3, any antenna signal may be added to any other antenna signal, or selected alone by adding
it to a zero signal at grounded input r of third switch SW3. Assuming that the three phase shifters P1 to P3 have equal
gain magnitudes, antenna signals at the adder inputs 16a and 16b have a relative phase shift between them equal to
d4-9, or ¢4-¢5 according to whether the third switch movable contact C3 is connected to its first or second input pole p
or q respectively. In the ideal case, ¢4 = ¢, = 0 and ¢35 = 90 degrees. In this case, the relative phase shift is 0 or 90
degrees (ignoring sign) between adder input signals according to whether the third switch movable contact C3 is con-
nected to its first or second input pole p or qg.

[0028] The receiver 22 has a front-end bandpass filter (not shown) to attenuate unwanted signals outside a frequency
band in which the antenna signals appear. It processes the adder output signal and converts it to a complex output in
a base band convenient for sampling and analogue to digital conversion at 24. The sampling rate of the ADC 24 must
be sufficiently high to avoid aliasing, i.e. it must exceed the bandwidth of the receiver front-end bandpass filter. If, for
example, the front-end bandwidth is 25 MHz, and a 512-point DFT is implemented by the transformer 26, the ADC
sampling rate would be atleast 27.5MHz, and it would take approximately 20 p.s to acquire 512 samples for the transformer
26. The digital signal from the ADC 24 is converted by the transformer 26 into a spectrum in terms of a set of frequencies
expressed as bins or channels of finite width each with an associated magnitude. The frequency channels would be
approximately 100 kHz wide for a 512 point DFT with sampling at 27.5MHz. A DFT is implemented with windowing to
reduce leakage between channels. The options for choice of window include a rectangular window equivalent to no
window.

[0029] Optionally, selection of settings of movable contacts C1 to C3 may be made in such a way that not all antennas
contribute. This gives faster processing, but possibly less accuracy, and it reduces the maximum number of emitters
that can be detected.

[0030] As has been mentioned, the various possible settings of the switches SW1, SW2 and SW3 allow the receiver
22 to input either the signal from any individual antenna 12, or a sum of relatively phase shifted signals from any pair of
antennas 12. The switches SW1 to SW3 may be operated to give a random or pseudo-random selection of antenna
signals to avoid possible deleterious effects with particular signals. The output of the receiver 22 is sampled by the ADC
24 and processed by the transformer 26, which computes the N-point windowed DFT of a block of N consecutive samples
from the ADC. This is a well known procedure and will not be described in detail. The output of the transformer 26
comprises N frequency domain samples, i.e. magnitudes of the contents of the N frequency bins. For the general or nth
frequency bin, the frequency domain sample is denoted by S”, where n is a frequency domain index in the range 0 to

N-1. Sl’: is defined as the discrete Fourier transformer output with frequency index n if the kth antenna is connected

through the first switch SW1, the third switch SW3 is connected to 0V at r, and the gain of the entire path from the kth
antenna to the receiver input is unity.

[0031] The process of direction finding consists of estimating the bearing or angle of incidence or angle of arrival of
one or more signals received by the antennas 12. It is carried out for one or more frequency bins by the DSP 28, which
processes frequency domain samples S”.
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[0032] A complex gain constant G, is now defined to represent both gain and phase shift applied to a radio signal in
a path through the kth antenna 12 (k = 1 to M), the first switch SW1, the first phase shifter P1 and the adder 20 to the
receiver 22. Similarly, complex gain constants G, and Gog are now defined to represent both gain and phase shift
applied to a radio signal in paths to the receiver 22 through the kth antenna 12 via (inter alia) the second and third phase
shifters P2 and P3 respectively.

[0033] With the first switch SW1 connected to the buffer amplifier 14 of the kth antenna and the third switch SW3

connected to OV atr, the transformer output with frequency index n is the product G S,? . This transformer output has

a mean squared value or power Py, associated with the kth antenna and given by:

P = E{|Gw S} [} = 1Gf? E{| Sk Py | (1)

where E{..} is the mathematical expectation operator and |...| (as in e.g. ]SI? |) represents a modulus. The DSP 28

computes a measurement (or "estimate") of Py, which either equals a single value of S” or equals an average or weighted

average of several values of S”, these values being obtained from the discrete Fourier transforms of respective blocks
of data collected with switch contacts C1 to C3 set to the appropriate positions. These blocks of data may be overlapping
or non-overlapping. For clarity in the following explanation, the notation P, will denote the measurement of P, obtained
as described above.

[0034] The first switch SW1 is connected to the buffer amplifier 14 of each antenna 12 in turn, i.e. the antenna index
k goes from 1 to M where M is the number of antennas, and the third switch SW3 remains connected to OV atr. The
transformer output power P, is measured in each case.

[0035] The first switch SW1 is now connected to the kth antenna, the second switch SW2 is connected to the mth
antenna, and the second switch signal path with gain G,a,, is selected by connecting the third switch movable contact
C3 to its first input p. The power Py,o associated with gain G,a,, at the transformer output with frequency bin index n
is then measured, and it is given by:

Pima = E{ |G1kSE + Goam S F} (2)

Pima = [Gul® E{| SK [} + [Goaml°E{| Sy %} + 2Re{ GG2anE{ S{' Sy, * ) (3)

where Re{..} represents "real part of" and the asterisk "*" a complex conjugate. Py, is measured for all possible pairings
of different antennas 12, of which there are MC,, pairs. The value of Py, is measured by the DSP 28 in the same way
as it measures Py, as previously described, and the same convention is adopted that the notation P is used in what
follows to refer to the measurement.

[0036] Inthe same way, the procedure associated with Equations (2) and (3) is now repeated, except that the second
switch signal path with gain G,g,,, is now selected by connecting the third switch movable contact C3 to its second input
q to implement phase shift ¢5 instead of ¢,. The power P, g associated with gain G,g,, at the transformer output with
frequency index n is then measured for each antenna pairing, and following equivalents of Equations (2) and (3) may
be generated by replacing index A with index B.

Pume = E{|Gix S/? + Gagm 3,71 ]2} ) (4)

Pars = [GrPE(| SE ) + [Goanl’E(] 1 ) + 2Re{ GG zanE{ SF S * ) (5)

[0037] Inorderto carry out direction finding, the gains G, Goa, @and Gog,, Mmust first be determined at every frequency
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of interest, i.e. at the centre frequencies of those frequency bins defined by the DFT operation in the transformer 26
which are associated with emitters. In one approach, this may be done by making electrical measurements of the complex
gain of the individual components of the system, or of groups of components. Such a procedure is well known in the art
of electronics and will not be described.

[0038] Inan alternative embodiment, the determination of the gains may advantageously be carried out by a procedure
as follows. A radio emitter is set up in a known location, and the direction finding system 10 is then operated to make
the measurements described in Equations (1) to (5), for each combination of pairs of antennas, by setting switch contacts
C1 to C3 to the appropriate positions. Using the known values of the emitter power, bearing and distance from the

antennas, the quantities E{| S/’: '2}, E{] S'?l ]2}, and E{ SI?S; *} in Equations (1) to (5) may be calculated at each

frequency of interest. The only unknown quantities in Equations (1) to (5) are then the values of the gains G4y, Gopam
and G,p,,, which may therefore be determined using a procedure known as non-linear optimisation (see e.g. M S Bazaraa,

H D Sherali, C M Shetty, "Nonlinear Programming - Theory and Algorithms", Wiley, New York, 2nd Ed, 1993). This is
well known in the art of scientific computing and will not be described. The accuracy of the estimates of the gains G,

Goam and Gog,,, Will usually be improved by moving the emitter to one or more further known positions, repeating the

collection of measurements described in Equations (1) to (5), and using the entire set of measurements in the non-linear
optimisation procedure.
[0039] Once the gains have been determined, one procedure for carrying out direction finding is as follows. The value

of Py is measured for each antenna 12 in turn and the value of £ {l S/Zl ,2} is then estimated using Equation (1) and

the previously determined value of G, as:

E(SP % = Puc/ [Guf? | ' (6)

[0040] Similarly the values of Py,5 are measured for each combination of antennas 12 in turn. Using the previously

determined values of Gyy, Goam, together with the values of E{| Sl:l |2} and E{| Sr'; |2} computed above, and Equation

(3), a quantity x is now computed for each antenna pairing from:

x= (1/2)(Pima — |GiPE{| S P} = |Geaml2E(I S [2}) (7)

x = Re{ Gik G*2amE{ S¢Sy, * 1} (8)

[0041] In the same way, the values of P, g are measured for each pair of antennas 12 in turn. Using the previously

determined values of G4, G,g,,, the values of E{| S,CL [2} and E{I S":1 ]2} computed above, and Equation (5), a quantity

y is now computed for each antenna pairing from:

y = (1/2)(Pime = |GPE{| S [ = |GeemPEL Spi P D) | ‘ (9)

y = Re{G1G*mE{ S} S} *}} . (10)

[0042] The known complex value G4, G*,, is Nnow written as ¢ + jd, and that of G, G*,5, as e + jf, where j is the
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square root of -1. The next step is to compute the unknown complex value E{ S,?Sr'fl *} written as a + jb. Rewriting

Equations (8) and (10) in terms of a to e and j:

x = Re{(c+jd)(a+jb)} = ca—db ‘ 11

and
y = Re{(e+jf)(a+jb)} =ea—1b (12)

Equations (11) and (12) are two simultaneous equations in two unknowns which are solved by standard methods to give
the required values a and b, which in turn give E{ ,S'/':S":1 * }.

[0043] As an example, for Gy =1, Gypy, = 1, and Gyp,, = j for ¢ = 90 degrees, thenc=1,d=0,e=0and f=1, and
a=x,b=-y.
[0044] The procedure associated with Equations (6) to (12) is repeated for each chosen pair of antenna index values

k and m, and the corresponding value of E{ S/?S; * } is computed in each case. These two procedures yield a set of
values E{| Sl? ]2} fork=1toMand E{ S,?Sr'; *} for k = 1 to M-1 and m = k+1 to M which are known collectively as
"covariance terms". When arranged in a square array with E{| Sl? ]2} terms on the array diagonal (row k and column

k) and each E{ S7S" *Y term at a respective row position k and column position m, this set of values is known as the
k=m

"spatial covariance matrix". The entire process may be carried out independently for each DFT frequency bin, i.e. each
value of transformer output index n.

[0045] Using some or all of the covariance terms in the spatial covariance matrix, the bearing (or angle of incidence
or arrival) of one or more received signals may be estimated using standard techniques: see e.g. HL Van Trees "Optimum
Array Processing" (part IV of "Detection, Estimation and Modulation Theory"), Wiley, New York, 2002, which discloses
for example the MUSIC algorithm and least squares fitting. This is well known in the art of direction finding and will not
be described.

[0046] The foregoing example invention has been described in terms of measuring antenna signal powers. The in-
vention may however be implemented with any power-related measurement of antenna signal strength: in this connection
antenna signal strength is defined as a measurement of the discrete Fourier transformer output with frequency index n
in the above example, when the kth antenna is selected by switch SW1 and the input pole of SW3 is connected to
ground, from which the mean squared value or power Py, used in Equation (1) can be derived. Examples of antenna
signal strength include mean squared voltage or current, or root mean squared voltage or current, in addition to signal
power itself.

[0047] Similarly, combined antenna signal strength is defined as the discrete Fourier transformer output with frequency
index n, when the receiver input is the sum of the signal from the kth antenna connected through switch SW1 and the
signal from the mth antenna connected through switch SW2, phase shifter P2 or P3, and switch SW3, from which the
mean squared value or power P\, used in Equations (2),(3) can be derived.

[0048] Itis possible to compute the bearing of a single emitter at the frequency corresponding to index k in Equations
(1) to (12), without computing the spatial covariance matrix, by an alternative procedure which will now be described. It
has been found that this procedure can be faster than that which computes the spatial covariance matrix because it
requires fewer measurements, but it is less accurate.

[0049] Two antennas are selected, numbered k and m, and the quantities Py,o and P,,g then are measured as

described earlier. Using standard physical analysis (see e.g. H L Van Trees "Optimum Array Processing" (part IV of
"Detection, Estimation and Modulation Theory"), Wiley, New York, 2002) for the case of a single plane-wave received

radio signal, it may be shown that the values of E{] S,? '2} and E{l S";I ]2} are equal: for convenience this value is

denoted as V, i.e. Ef| S’:‘l ]2} = E{ISI? ]2} = V. Similarly, it may be shown that E{ S,?S;‘l *} = V exp (j6), where 0

is a mathematical function of the difference between the bearing of the incoming plane wave and the bearing of the line
joining the antennas k and m. Equation (3) may therefore be rearranged to give:
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Pina = V(|Gal® + |Goaml® + 2Re{ GixG*2amexp (0)} ) (13)

and Equation (5) may similarly be rearranged to give:

Pxms = V(IG1k|2 + |GZBm|2 + 2Re{ GG mmexp (j0)} ) (14)

Next, antenna k and a further antenna, numbered p, are selected. The quantity PkpA is then defined as equivalent to
Pyma but for antennas k and p. P p, is measured, and, by a similar analysis to that for Equations (13) and (14), may be
shown to give:

Poa = V(lGu(lz + |G2Apl2 + 2Re{ GG 2apexp (i)} ) (15)

where vy is a mathematical function of the difference between the bearing of the incoming plane wave and the bearing
of the line joining the antennas k and p. The three Equations (13) to (15) contain three unknown quantities, 6, y, and V.
0 and y are related to each other because the angle between the line joining antennas k and m and the line joining
antennas k and p is known. Given the three measurements Py, Pymg @and Py, the unknown bearing of the incoming
plane wave may be determined, for example by using non-linear optimisation, as previously mentioned. Itis not necessary
to estimate the value of V.

[0050] The principles set out above may be used in the case of more than one plane wave arriving from different
bearings, to formulate equations to replace Equations (13) to (15). Additional equations are formulated in the same way
for one or more further pairs of antennas (for example antenna p and antenna q), and the unknown bearings may be
determined, again by using non-linear optimisation.

[0051] Signal power received by antennas 12 may fluctuate: because of this it is advantageous to carry out averaging
in connection with the measured quantities Py, Py, and P,z defined above. It is convenient to define a "commutation
cycle" as consisting of a cycle of collecting data as described above from each of the settings b to e, p to r, of the three
switches SW1, SW2 and SW3 required to determine Py, P, s and P,,g for one value of the frequency bin index n.
Further data is then collected using additional commutation cycles, each cycle giving a respective set of values of Py,
Pima and Pyg. The resulting multiple values of Py, P, na and Pz are then used to provide average values of each.
These averages are then used in Equations (1) to (10) above.

[0052] The rate at which commutation cycles are carried out is referred to herein as the "commutation cycle rate". One
or more of the signals received by the antennas 12 may contain periodic fluctuations, if for example data symbols are
carried by a signal at a particular rate. If the period of the fluctuations is equal or close to a multiple or sub-multiple of
the commutation cycle rate, then covariance terms derived as described above may be subject to consistent or systematic
errors (known as "biases"). These may result in errors in estimated angles of incidence. To avoid this problem, the order
in which the commutation (switch setting) is performed within each commutation cycle may advantageously be varied
in a random or pseudo-random sequence between successive cycles.

[0053] Equations (1) to (15) above may be re-evaluated for other values of the frequency bin index n, e.g. adjacent
frequency bands corresponding to index n-1 and n+1. Output bearing estimates are then obtained for various values of
n and are combined to give an estimate for which error limits can be calculated.

[0054] A simulation was made of a direction finding system 10 of the invention having four antennas 12 in a square
array and using the approach of calculating the spatial covariance matrix. The simulation envisaged two emitters with
identical carrier frequencies to be located in bearing in the plane of the antenna array. The emitters were treated as both
transmitting at 6.25ksymbol/sec with a modulation type of QPSK, as described by R E Ziemer and R L Peterson,
"Introduction to Digital Communication”, Maxwell Macmillan International, New York, 1992. They were at respective
bearings or angles of arrival of 30° and 70° at the antenna array relative to a predefined reference direction. The signal
to noise ratio (emitted signal power divided by total noise power over 25.6MHz bandwidth) was assumed to be high.
The sampling rate was 25.6MHz and a block of 4096 samples were collected, a Hamming window was applied (see
Oppenheim et al. mentioned above), and the result was processed by discrete Fourier transform. The sample collection
time was 0.16 milliseconds, which corresponds to one emitter symbol period. If only one block of samples were to be
processed, results are poor, because signals are highly correlated over the sample collection time. First and second
blocks of samples were collected with an intervening time interval corresponding to at least three symbols to avoid this.
Emitters of interest often contain a root raised cosine (RRC) pulse shaping filter which is shorter than this intervening
time interval, in which case there is no correlation between signals in the sample blocks. The overall covariance matrix
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was then derived using parameters obtained using Equations (1) to (10) for both data blocks and averaging. Matrix
elements were processed using the known MUSIC algorithm (see Van Trees mentioned above) to determine emitter
bearings. This algorithm is neither the only nor even the best algorithm for this purpose, but it is simple and often
suggested for that reason.

[0055] Figure 2is a graph of MUSIC spectrum against angle of arrival (AoA) derived from covariance matrix elements
obtained using the method of the invention. It shows reasonably well-defined peaks 40 and 42 at angles of arrival of 30°
and 70°, showing that the simulated emitters have been located.

[0056] For comparison, a trial was made of the single receiver technique disclosed by C M S See, "High Resolution
DF with a Single Channel Receiver", 0-7803-7011-2/01 IEEE 2001. Using the same parameters and MUSIC algorithm
processing, this technique gave the results shown in Figure 3. Here the emitter at 30 degrees has not been resolved,
and the 70 degree emitter has been resolved at 50, but with a peak height -15x smaller than the peak 42 (NB Figures
2 and 3 have axes with different scales).

[0057] Forcompleteness the conventional method (which requires one receiver per antenna) was also simulated using
the same parameters and MUSIC algorithm processing. This method gave the results shown in Figure 4. It shows very
well defined peaks 60 and 62 at angles of arrival of 30° and 70°, showing that the simulated emitters have been located
with better accuracy than the invention, but this is at the expense of using one receiver per antenna instead of one
receiver only for all antennas.

Claims

1. Adirectionfinding systemincorporating a plurality of antennas (12) and means (SW1) adapted to determine individual
antenna signal strengths, characterised in that the system (10) also includes:

a) combining means (SW2, P2, P3, SW3, 18) adapted to derive combined antenna signal strengths by forming
two sets of combinations of first and second antenna signals derived from different antennas (12), the second
antenna signals in one set of combinations having a non-zero phase difference relative to the second antenna
signals in the other set of combinations; and

b) means adapted to determine at least one emitter bearing from the individual and combined antenna signal
strengths.

2. Adirection finding system according to Claim 1 characterised in that the means adapted to determine at least one
emitter bearing is arranged to derive covariance matrix elements from antenna signal strengths and to determine
emitter bearing therefrom.

3. Adirection finding system according to Claim 1 characterised in that the means adapted to determine at least one
emitter bearing is arranged to derive a relationship between antenna signal strengths and emitter bearing and to
determine emitter bearing therefrom.

4. A direction finding system according to Claim 1 characterised in that the relative phase difference is in the range
30to 120 degrees, and the means (SW1) adapted to determine individual antenna signal strengths and the combining

means (SW2, P2,P3, SW3, 18) are arranged to enable successive signal strengths to be derived in successive steps.

5. Adirection finding system according to Claim 1 characterised in that the relative phase difference is substantially
90 degrees.

6. A direction finding system according to Claim 5 characterised in that the combining means (SW2, P2, P3, SW3,
18) is arranged to combine antenna signals with equal gain magnitude and with equal and unequal phase.

7. A direction finding system according to Claim 1 characterised in that the combining means incorporates phase
shifting means (P3) switchable into and out of an antenna signal path.

8. Adirection finding system according to Claim 1 characterised in that the combining means incorporates an adder
(18) having two inputs both switchably connected to individual signal paths extending to respective antennas (12).

9. Addirection finding system according to Claim 1 characterised in that:

a) the means adapted to determine individual antenna signal strengths comprises a first multipole switch (SW1)
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having input poles (b, ¢, d, ) connected to receive signals from respective antennas (12);

b) the combining means (SW2, P2, P3, SW3, 18) incorporates a second multipole switch (SW2) having input
poles (b, c, d, ) connected to receive signals from respective antennas (12) and a third multipole switch (SW3)
for switching phase shifting means (P3) into and out of an antenna signal path extending via the second multipole
switch (SW2); and

c) the combining means (SW2, P2, P3, SW3, 18) also incorporates adding means (18) for combining signals,
the adding means being arranged to add an antenna signal in a first signal path extending via the first multipole
switch (SW1) to another antenna signal in a second signal path extending via the second and third multipole
switches (SW2, SW3).

A method of direction finding using a plurality of antennas (12) and determining individual antenna signal strengths,
characterised in that the method also incorporates determining:

a) combined antenna signal strengths by forming two sets of combinations of first and second antenna signals
derived from different antennas (12), the second antenna signals in one set of combinations having a non-zero
phase difference relative to the second antenna signals in the other set of combinations; and

b) at least one emitter bearing from the individual and combined antenna signal strengths.

11. A method according to Claim 10 characterised in that the step of determining at least one emitter bearing is
implemented by deriving covariance matrix elements from antenna signal strengths and determining emitter bearing
therefrom.

12. A method according to Claim 10 characterised in that the step of determining at least one emitter bearing is
implemented by deriving a relationship between antenna signal strengths and emitter bearing and determining
emitter bearing therefrom.

13. A method according to Claim 10 characterised in that the relative phase difference is in the range 30 to 120 degrees
and successive signal strengths are determined in successive steps.

14. A method according to Claim 13 characterised in that the relative phase difference is substantially 90 degrees.

15. A method according to Claim 10 characterised in that the step of forming combined antenna signal strengths
combines antenna signals with equal gain magnitude and with equal and unequal phase.

16. A method according to Claim 12 characterised in that the step of forming combined antenna signal strengths
includes switching phase shifting means (P3) into and out of an antenna signal path.

17. A method according to Claim 12 characterised in that the step of forming combined antenna signal strengths
includes adding signals in signal paths extending switchably to different antennas (12).

18. A method according to Claim 10 characterised in that:

a) the step of determining individual antenna signal strengths comprises switching signals from antennas (12)
via a first path;
b) the step of forming combined antenna signal strengths incorporates:
i) switching signals from antennas (12) via a first path for combining;
i) switching signals from antennas (12) via a switch selectable second path or a third path for combining,
the third path being arranged to phase shift antenna signals therein relative to antenna signals in the second
path; and
iii) adding a first path antenna signal to second and third path antenna signals individually.
Patentanspriiche
1. Funkpeilsystem, das eine Vielzahl von Antennen (12) und Mittel (SW1) umfasst, die ausgelegt sind,

individuelle Antennensignalstérken zu ermitteln, dadurch gekennzeichnet, dass das System (10) auerdem ein-
schlieRt:

10
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a) Kombinationsmittel (SW2, P2, P3, SW3, 18), die ausgelegt sind, kombinierte Antennensignalstarken durch
Bilden zweier Satze von Kombinationen von ersten und zweiten Antennensignale abzuleiten, die von verschie-
denen Antennen (12) abgeleitet sind, wobei die zweiten Antennensignale in einem Satz von Kombinationen
eine nicht null Phasendifferenz relativ zu den zweiten Antennensignalen im anderen Satz von Kombinationen
aufweisen; und

b) Mittel, die ausgelegt sind, mindestens eine Emitterrichtung aus den individuellen und kombinierten Anten-
nensignalstarken zu ermitteln.

Funkpeilsystem nach Anspruch 1, dadurch gekennzeichnet, dass das Mittel, welches ausgelegt ist, mindestens
eine Emitterrichtung zu ermitteln, eingerichtet ist, Kovarianzmatrix-Elemente aus Antennensignalstarken abzuleiten
und Emitterrichtung daraus zu ermitteln.

Funkpeilsystem nach Anspruch 1, dadurch gekennzeichnet, dass das Mittel, welches ausgelegt ist, mindestens
eine Emitterrichtung zu ermitteln, eingerichtet ist, eine Beziehung zwischen Antennensignalstarken und Emitter-
richtung abzuleiten und Emitterrichtung daraus zu ermitteln.

Funkpeilsystem nach Anspruch 1, dadurch gekennzeichnet, dass die relative Phasendifferenz im Bereich von 30
bis 120 Grad liegt und das Mittel (SW1), welches angepasst ist, individuelle Antennensignalstarken zu ermitteln
und die Kombinationsmittel (SW2, P2, P3, SW3, 18) eingerichtet sind, zu ermdglichen, dass aufeinander folgende
Signalstarken in aufeinander folgenden Schritten abgeleitet werden kdénnen.

Funkpeilsystem nach Anspruch 1, dadurch gekennzeichnet, dass die relative Phasendifferenz im Wesentlichen
90 Grad betragt.

Funkpeilsystem nach Anspruch 5, dadurch gekennzeichnet, dass das Kombinationsmittel (SW2, P2, P3, SW3,
18) eingerichtet ist, Antennensignale mit gleicher Verstarkungsgréfle und mit gleicher und ungleicher Phase zu
kombinieren.

Funkpeilsystem nach Anspruch 1, dadurch gekennzeichnet, dass das Kombinationsmittel ein in den und aus dem
Antennensignalweg schaltbares Phasenverschiebungsmittel (P3) umfasst.

Funkpeilsystem nach Anspruch 1, dadurch gekennzeichnet, dass das Kombinationsmittel ein Addiermittel (18)
umfasst, das zwei Eingange aufweist, die beide schaltbar mit individuellen Signalwegen verbunden sind, die sich
zu jeweiligen Antennen (12) erstrecken.

Funkpeilsystem nach Anspruch 1, dadurch gekennzeichnet, dass:

a) das Mittel, das angepasst ist, individuelle Antennensignalstérken zu ermitteln, einen ersten mehrpoligen
Schalter (SW1) umfasst, der Eingangspole (b, c, d, e) aufweist, die verbunden sind, Signale von jeweiligen
Antennen (12) zu empfangen;

b) das Kombinationsmittel (SW2,P2, P3, SW3, 18) einen zweiten mehrpoligen Schalter (SW2), der Eingangspole
(b, c, d, e) aufweist, die verbunden sind, Signale von jeweiligen Antennen (12) zu empfangen und einen dritten
mehrpoligen Schalter (SW3) zum Schalten des Phasenverschiebungsmittels (P3) in einen und aus einem An-
tennensignalweg umfasst, der sich tber den zweiten mehrpoligen Schalter (SW2) erstreckt; und

c) das Kombinationsmittel (SW2, P2, P3, SW3, 18) auflerdem Addiermittel (18) zum Kombinieren von Signalen
umfasst, wobei das Addiermittel eingerichtet ist, ein Antennensignal in einem ersten Signalweg, der sich Uber
den ersten mehrpoligen Schalter (SW1) erstreckt, einem anderen Antennensignal in einem zweiten Signalweg
hinzuzufligen, der sich Uber die zweiten und dritten mehrpoligen Schalter (SW2, SW3) erstreckt.

10. Funkpeilverfahren unter Verwendung einer Vielzahl von Antennen (12) und dem Ermitteln individueller Antennen-

signalstarken, dadurch gekennzeichnet, dass das Verfahren aullerdem das Ermitteln von Folgendem umfasst:

a) kombinierter Antennensignalstarken durch Bilden zweier Séatze von Kombinationen von ersten und zweiten
Antennensignalen, die von verschiedenen Antennen (12) abgeleitet sind, wobei die zweiten Antennensignale
in einem Satz von Kombinationen eine nicht null Phasendifferenz relativ zu den zweiten Antennensignalen im
anderen Satz von Kombinationen aufweisen; und

b) mindestens einer Emitterrichtung aus den individuellen und kombinierten Antennensignalstarken.
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Verfahren nach Anspruch 10, dadurch gekennzeichnet, dass der Schritt des Ermittelns mindestens einer Emit-
terrichtung durch Ableiten von Kovarianzmatrix-Elementen aus Antennensignalstarken und des Ermittelns von Emit-
terrichtung daraus implementiert wird.

Verfahren nach Anspruch 10, dadurch gekennzeichnet, dass der Schritt des Ermittelns mindestens einer Emit-
terrichtung durch Ableiten einer Beziehung zwischen Antennensignalstarken und Emitterrichtung und dem Ermitteln
einer Emitterrichtung daraus implementiert wird.

Verfahren nach Anspruch 10, dadurch gekennzeichnet, dass die relative Phasendifferenz im Bereich 30 bis 120
Grad liegt und aufeinander folgende Signalstarken in aufeinander folgenden Schritten ermittelt werden.

Verfahren nach Anspruch 13, dadurch gekennzeichnet, dass die relative Phasendifferenz im Wesentlichen 90
Grad betragt.

Verfahren nach Anspruch 10, dadurch gekennzeichnet, dass der Schritt der Bildung kombinierter Antennensig-
nalstarken die Antennensignale mit gleicher Verstarkungsgrofie und mit gleicher und ungleicher Phase kombiniert.

Verfahren nach Anspruch 12, dadurch gekennzeichnet, dass der Schritt der Bildung kombinierter Antennensig-
nalstdrken das Schalten des Phasenverschiebungsmittels (P3) in einen und aus einem Antennensignalweg ein-
schlief3t.

Verfahren nach Anspruch 12, dadurch gekennzeichnet, dass der Schritt der Bildung kombinierter Antennensig-
nalstarken das Hinzufligen von Signalen in Signalwege einschlief3t, die sich schaltbar zu verschiedenen Antennen
(12) erstrecken.

Verfahren nach Anspruch 10, dadurch gekennzeichnet, dass:

a) der Schritt des Ermittelns individueller Antennensignalstarken das Schalten von Signalen ab Antennen (12)
Uber einen ersten Weg umfasst;
b) der Schritt der Bildung kombinierter Antennensignalstarken umfasst:

i) Schalten von Signalen ab Antennen (12) Uber einen ersten Weg zum Kombinieren;

ii) Schalten von Signalen ab Antennen (12) Gber einen per Schalter wahlbaren zweiten Weg oder dritten
weg zum Kombinieren, wobei der dritte Weg eingerichtet ist, Phasenverschiebung von Antennensignale
darin relativ zu Antennensignalen im zweiten Weg zu bewirken; und

iii) Individuelles Hinzufiigen eines Antennensignals ersten Weges zu Antennensignalen zweiten und dritten
Weges.

Revendications

1.

Systeme de radiogoniométrie intégrant une pluralité d’antennes (12) et un moyen (SW1) congu pour déterminer
des intensités de signaux d’antenne individuels, caractérisé en ce que le systéme (10) comprend également :

a) un moyen de combinaison (SW2, P2, P3, SW3, 18) congu pour dériver des intensités de signaux
d’antenne combinés en formant deux ensembles de combinaisons des premiers et seconds signaux d’antenne
dérivés de différentes antennes (12), lesdits seconds signaux d’antenne dans un ensemble de combinaisons
possédant une différence de phase non nulle par rapport aux seconds signaux d’antenne dans I'autre ensemble
de combinaisons ; et

b) un moyen congu pour déterminer au moins un relévement d’émetteur a partir des intensités de signaux
d’antenne individuels et combinés.

Systeme de radiogoniométrie selon la revendication 1, caractérisé en ce que le moyen congu pour déterminer au
moins unrelévementd’émetteur estagenceé pour dériver les éléments de matrice de covariance a partir des intensités

de signaux d’antenne et pour déterminer le reléevement d’émetteur a partie de ceux-ci.

Systeme de radiogoniométrie selon la revendication 1, caractérisé en ce que le moyen congu pour déterminer au
moins un relevement d’émetteur est agencé pour dériver une relation entre les intensités de signaux d’antenne et
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un reléevement d’émetteur et pour déterminer un relévement d’émetteur a partir de celle-ci.

Systeme de radiogoniométrie selon la revendication 1, caractérisé en ce que la différence de phase relative est
comprise dans la plage allantde 30 a 120 degrés et le moyen (SW1) congu pour déterminer les intensités de signaux
d’antenne individuels et le moyen de combinaison (SW2, P2, P3, SW3, 18) sont agencés pour pouvoir dériver en
étapes successives les intensités de signaux successifs.

Systeme de radiogoniométrie selon la revendication 1, caractérisé en ce que la différence de phase relative est
sensiblement de 90 degrés.

Systeme de radiogoniométrie selon la revendication 5, caractérisé en ce que le moyen de combinaison (SW2, P2,
P3, SW3, 18) est agencé pour combiner des signaux d’antenne avec une amplitude de gain égale et avec une
phase égale et non égale.

Systeme de radiogoniométrie selon la revendication 1, caractérisé en ce que le moyen de combinaison integre
un moyen de décalage de phase (P3) commutable dans et hors d’'une trajectoire de signal d’antenne.

Systeme de radiogoniométrie selon la revendication 1, caractérisé en ce que le moyen de combinaison integre
un additionneur (18) possédant deux entrées toutes deux connectées de fagon commutable aux trajectoires de
signaux individuels s’étendant jusqu’aux antennes respectives (12).

Systeme de radiogoniométrie selon la revendication 1, caractérisé en ce que :

a) le moyen congu pour déterminer les intensités de signaux d’antenne individuels comprend un premier com-
mutateur multipdle (SW1) possédant des pdles d’entrée (b, c, d, e) connectés pour recevoir des signaux pro-
venant des antennes respectives (12) ;

b) le moyen de combinaison (SW2, P2, P3, SW3, 18) intéegre un deuxiéeme commutateur multipble (SW2)
possédantdes pbles d’entrée (b, ¢, d, ) connectés pourrecevoir les signaux provenantdes antennes respectives
(12) et un troisieme commutateur multipéle (SW3) permettant la commutation du moyen de décalage de phase
(P3) dans et hors d’une trajectoire de signal d’antenne s’étendant par l'intermédiaire du deuxieme commutateur
multipéle (SW2) ; et

c) le moyen de combinaison (SW2, P2, P3, SW3, 18) intégrant également un moyen d’addition (18) permettant
la combinaison de signaux, ledit moyen d’addition étant agencé pour additionner un signal d’antenne dans une
premiére trajectoire de signal s’étendant par I'intermédiaire du premier commutateur multipdle (SW1) a un autre
signal d’antenne dans une deuxiéme trajectoire de signal s’étendant par l'intermédiaire des deuxiéme et troi-
sieme commutateurs multipdles (SW2, SW3).

Procédé de radiogoniométrie utilisant une pluralité d’antennes (12) et déterminant les intensités de signaux d’antenne
individuels, caractérisé en ce que le procédé intégre également la détermination :

a) des intensités de signaux d’antenne combinés en formant deux ensembles de combinaisons des premiers
et seconds signaux d’antenne dérivés de différentes antennes (12), lesdits seconds signaux d’antenne dans
un ensemble de combinaisons possédant une différence de phase non nulle par rapport aux seconds signaux
d’antenne dans I'autre ensemble de combinaisons ; et

b) d’au moins un relévement d’émetteur a partir des intensités de signaux d’antenne combinés et individuels.

Procédé selon la revendication 10, caractérisé en ce que |'étape de détermination d’au moins un relevement
d’émetteur est mis en oeuvre en dérivant les éléments de matrice de covariance a partir des intensités de signaux
d’antenne et en déterminant le relévement d’émetteur a partir de ceux-ci.

Procédé selon la revendication 10 caractérisé en ce que I'étape de détermination d’au moins un relévement
d’émetteur est implémentée en dérivant une relation entre les intensités de signaux d’antenne et le relevement

d’émetteur et en déterminant le relevement d’émetteur a partir de celle-ci.

Procédé selon la revendication 10, caractérisé en ce que la différence de phase relative est comprise dans la
plage allant de 30 a 120 degrés et des intensités de signaux successifs sont déterminés en étapes successives.

Procédé selon la revendication 13, caractérisé en ce que la différence de phase relative est sensiblement de 90
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degrés.

Procédé selon la revendication 10, caractérisé en ce que I'étape de formation d’intensités de signaux d’antennes
combinés combine les signaux d’antenne avec une amplitude de gain égale et avec une phase égale et non égale.

Procédé selon la revendication 12, caractérisé en ce que I'étape de formation des intensités de signaux d’antenne
combinés comprend la commutation d’'un moyen de décalage de phase (P3) dans et hors d’une trajectoire de signal
d’antenne.

Procédé selon la revendication 12, caractérisé en ce que I'étape de formation des intensités de signaux d’antenne
combinés comprend I'addition de signaux dans des trajectoires de signal s’étendant de fagon commutable aux
différentes antennes (12).

Procédé selon la revendication 10, caractérisé en ce que :

a) I'étape de détermination des intensités de signaux d’antenne individuels comprend la commutation de signaux
provenant des antennes (12) par I'intermédiaire d’'une premiére trajectoire ;
b) I'étape de formation des intensités de signaux d’antenne combinés intégrant :

i) la commutation de signaux provenant des antennes (12) par l'intermédiaire d’'une premiére trajectoire
pour une combinaison ;

i) la commutation des signaux provenant des antennes (12) par l'intermédiaire d’une deuxiéme trajectoire
sélectionnable par commutateur ou d’une troisieme trajectoire permettant une combinaison, ladite troisieme
trajectoire étantagencée pour décaler en phase des signaux d’antenne dans celle-ci par rapport aux signaux
d’antenne dans la deuxiéme trajectoire ; et

iii) 'addition d’un signal d’antenne de premiére trajectoire aux signaux d’antenne de deuxiéme et troisieme
trajectoires de facon individuelle.

14
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